Samples of perchlorated and persulphated rutile were obtained by soaking the solid in aqueous solutions of HClO 4 and (NH 4 ) 2 S 2 O 8 of 0.05 M, 0.10 M and 0.20 M concentration and characterized by XRD and FT-IR spectroscopic studies and by acidity and textural assessment. The XRD results indicated that the interaction of titania with the loaded anions, i.e. ClO -4 and S 2 O 8 2-, resulted in an increase in the volume of the unit cell mainly due to an increase in the c 0 value of the tetragonal crystal lattice. The IR spectra showed that both ClO -4 and S 2 O 8
INTRODUCTION
Research into superacids for homogeneous catalysis has been active during the past three decades (Olah et al. 1985) . More recently, increasing use has been found for solid superacids in heterogeneous catalysis for a wide range of applications such as hydrocarbon isomerization, cracking, hydrocracking, dehydration and alkylation. Interest in this type of catalyst has centred on their high activity as well as on their non-corrosive nature. The most common types of superacid are sulphated metal oxides (Arata 1990; Moles 1992; Davis et al. 1994; Corma 1995; Song and Sayari 1996; Tanabe and Hattori 1997) in which the metal oxide or hydroxide incorporates Fe, Ti, Zr, Hf, Sn or Si. Superacids derived from metal oxides may also be synthesized in the same manner as sulphate superacids by supporting ZrO 2 with WO 3 or MoO 3 (Arata 1991) . The increase in acidity has been attributed to the inductive effect of S=O, W=O or Mo=O groups associated with the linked M-O-M units present on the oxide support (Arata 1991; Jung and Grange 2000) .
To the author's knowledge, only a few studies have been attempted where perchlorates have been used to improve the acidity of ZrO 2 (Mishra and Parida 1999) and none with TiO 2 . In addition, no research worker has apparently attempted to use (NH 4 ) 2 S 2 O 8 as a means of sulphation.
In the present study, perchlorated and persulphated rutile specimens have been prepared by soaking the solid in aqueous 0.05 M, 0.10 M or 0.20 M solutions of perchloric acid or ammonium persulphate. The samples thus obtained were characterized by XRD and FT-IR spectroscopic methods, their acidity determined by the irreversible adsorption of pyridine (pK a = 5.3) from cyclohexane while their textures were assessed from low-temperature (77 K) nitrogen adsorption studies.
EXPERIMENTAL
The titania used in the present study was a sample of Tioxide CLDD/3/5 obtained from BTP Tioxide Ltd. which was identified as the rutile variety by XRD analysis. Promoted samples were obtained by soaking 20 g of titania in 35 ml of 0.05 M, 0.10 M or 0.20 M aqueous solutions of HClO 4 (Merck, 70%) or (NH 4 ) 2 S 2 O 8 at room temperature for three weeks in covered containers. The volume of solution was selected as being just sufficient to cover the solid so that no large excess of supernatant solution was present. The hard pastes thus obtained were left to dry at 40ºC to constant weight and selected specimens were then heated at 150ºC or 550ºC for 24 h in a muffle furnace. In the discussion below, the persulphated samples are designated as 'S' while the perchlorated materials are designated as 'Cl', with the Arabic numerals 1, 2 and 3 being used for samples soaked in 0.05 M, 0.10 M or 0.20 M concentrations. Finally, the temperature at which heat treatment was conducted follows in parentheses; thus Cl1(150) indicates a sample soaked in 0.05 M perchloric acid subjected to heat treatment at 150ºC. X-Ray diffraction patterns were obtained using a Philips model PW 1140/90 X-ray diffractometer employing Ni-filtered Cu K radiation. The calculated d-values thus obtained were compared with the appropriate ASTM data (ASTM 1978) . FT-IR spectra were measured on an ATT Mattson Infinity series FT-IR TM spectrophotometer using the KBr disk technique.
Surface acidity measurements were carried out by the irreversible adsorption of pyridine from cyclohexane solutions (Mishra and Parida 1999) . In each experiment, 10 ml of the freshly prepared solution of pyridine was pipetted into an adsorption bottle containing 0.1 g of catalyst which had been subjected to preheating overnight at 120ºC. The sample was shaken intermittently for 24 h at room temperature and the concentration of adsorbed pyridine calculated as the difference between the concentrations measured before and after contact with the solid. Such measurements were made by means of a Unicam HE IOS UV-vis V1.07 spectrophotometer with a 2 nm bandwidth at the wavelength of maximum absorbency ( max ) for a concentration range in which the solutions obeyed the Beer-Lambert law. The measured adsorptions were found to obey the Langmuir adsorption relationship in each case.
Adsorption/desorption isotherms for nitrogen at 77 K were determined using a conventional volumetric apparatus connected to a vacuum system which allowed prior outgassing of the samples to a residual pressure of 10 -4 Torr.
RESULTS AND DISCUSSION

XRD studies
The XRD pattern of the parent titania exhibited lines which were characteristic of a well-crystallized rutile sample. However, the pattern indicated that the intensity of the peak arising from the (101) face at 2 = 36.08º (d = 2.489 Å) was nearly equal to that of the line at 2 = 54.38º (d = 1.687 Å) corresponding to the (211) face. Reference data (ASTM 1978) indicated that the latter intensity is generally slightly higher than the former (50% vis-à-vis 41%) and hence it would appear that the titania sample employed exposed the (101) face to a slightly higher extent than that found conventionally in crystallized rutile samples (see Figure 1 ).
Perchlorated samples
Diminution in the intensity of the peak associated with the (101) face was effected upon loading the parent rutile sample with 0.05 M HClO 4 and this effect was also noted in the patterns arising from sample Cl1(150). However, when the treated sample was heated at 550ºC [to yield sample Cl1(550)], the original pattern was restored with two peaks of equal intensity appearing at 2 = 36.08º and 54.38º, respectively. It appears, therefore that preferential adsorption of the ClO -4 anion had occurred on the (101) face to yield a species which withstood heating up to 150ºC but was removed on further heating up to 550ºC.
Two types of OH group may be present on the titania surface, i.e. a terminal group linked to one Ti 4+ ion and a bridged group linked to two Ti 4+ ions. The former could be predominantly basic and capable of exchange with other anions while the bridged OH group would be expected to be acidic in character due to the strong polarization of the attached cations and therefore capable of exchanging with cations. The singly attached OH group is thought to form as a result of the dissociative adsorption of water on the fivefold coordinated Ti atoms forming the (101) plane in the rutile surface. In contrast, the (110) plane contains equal numbers of surface cations which are in fivefold and fourfold coordination, the latter being the ions which carry bridged OH groups. The (110) plane exhibits alternating rows of singly and doubly coordinated surface groups, with this homogeneous distribution apparently representing a less favourable location for the adsorption of ClO -4 anions. The decrease in the intensity of the peak arising from the (101) face was not accompanied by any noticeable change in particle size since the breadth of the peaks appeared to be unchanged. However, a considerable increase in the tetragonal lattice parameters was noted, particularly with respect to the c 0 parameter, and this led to the consequent increase in the unit cell volume (V = a 2 0 c 0 ) which attained a maximum value after treatment of the sample at 150ºC [i.e. for sample Cl1 (150)] (see data in Table 1 ). It should also be noted that recovery of the peak intensity for the (101) face upon heating the sample to 550ºC was not accompanied by the return of the unit cell volume to its original value. Thus, it would appear that the increase in the unit cell parameters arising from the adsorption of ClO -4 anions was not lost after decomposition of the adsorbed perchlorate anion upon heating to 550ºC. Such an increase in the unit cell parameters upon loading with ClO -4 anions may be attributed to distortion in the order of the TiO 6 tetrahedra as they link up by sharing one pair of opposite edges with neighbouring octahedra to form infinite chains parallel to the c 0 axis.
Persulphated samples
Soaking the parent rutile sample in aqueous solutions of (NH 4 ) 2 S 2 O 8 with a concentration of 0.05 M resulted in a decrease in the degree of crystallinity, with the intensities of all the reflections in the XRD pattern being lower than the corresponding values in the pattern of the original titania ( Figure  2 ). This decrease in the degree of crystallinity was enhanced upon treating the sample at 550ºC [sample S1(550)], such variation in the pattern being accompanied by an increase in the unit cell volume which was mainly due to an increase in the c 0 parameter rather than in a 0 (Table 1) . With the S2 and S3 samples, a smaller decrease in crystallinity was noted on heating the samples at 150ºC, with the original situation being restored on heating further at 550ºC. An increase in the intensity of the peak situated at 2 = 44.2º could be attributed to free (NH 4 ) 2 S 2 O 8 which persisted at 150ºC but was not present at 550ºC since its decomposition temperature is ca. 250ºC. A decrease in the intensity of the peak attributed to the (101) face was noted at all three concentrations, even most remarkably in the patterns of the unheated samples. 2 . X-Ray diffraction patterns for the persulphated sample S1.
FT-IR spectroscopic studies
Perchlorated samples
In the IR spectrum of the perchlorate ion of T d symmetry, the totally symmetric 1 mode has a frequency of ca. 930 cm -1 while the triply degenerate 3 and 4 modes have frequencies at ca. 1110 cm -1 and 625 cm -1 , respectively (Rosenthal 1973 ). If the perchlorate ion changes to a perchlorate group, viz. is involved in partial covalent bonding between one of its oxygens and a cation, then the bonding oxygen atom is no longer equivalent to the three other non-bonding oxygens and the original T d symmetry of the perchlorate ion is lowered to C 3v . Similarly, if two of the oxygens form a chelate structure with a cation or behave as a bridging ligand with a similar cation, the symmetry is lowered from T d to C 2v . Figure 3 shows that, with the perchlorated titania studied in this work, the totally symmetric 1 mode of the perchlorate group occurred at 910 cm -1 in the case of sample Cl1 and as a tiny shoulder at ca. 930 cm -1 in the case of sample Cl2. The triply degenerate 3 mode appeared as a triplet at ca. 1047, 1115 and 1150 cm -1 , respectively, with the absorption intensities increasing as the concentration of ClO -4 employed in sample preparation increased, i.e. in the sequence Cl1 < Cl2 < Cl3. The second triply degenerate mode ( 4 ) of the perchlorate ion appeared as a shoulder at ca. 630 cm -1 associated with the much more prominent titania band occurring at 667 cm -1 .
Since the effects of a complex are commonly more pronounced than the influence of the crystal field, it may be concluded from these observations that the perchlorate group has C 2v symmetry, i.e. the perchlorate ion is involved in bidentate bridging with titanium atoms. No bidentate perchlorate chelate complex has been reported to date (Cotton and Wilkinson 1972) . The band in the spectrum at 1388-1398 cm -1 may be attributed to the Cl=O vibration of the perchlorate group (Mishra and Parida 1999).
All these spectral features were still observable after heating the sample to 150ºC but disappeared after heating at 550ºC, i.e. at a temperature above the decomposition point of the ClO -4 anion (250-320ºC).
Persulphated samples
The S 2 O 8 2anion has the structure O 3 S-O-O-SO 3 with an approximately tetrahedral angle about each S atom and for this reason it can be viewed as two SO 4 tetrahedra linked by an O-O bridge. Although four absorption peaks corresponding to the 1 , 2 , 3 and 4 vibrational modes exist for the sulphate ion in the 1200-1400 cm -1 spectral range, only two of these modes, i.e. 3 and 4 , are infrared-active when SO 4 2exists as a free ion with T d symmetry (Nakamoto 1986). The 3 mode is located at 1104 cm -1 and the 4 mode at 613 cm -1 when SO 4 2is bound to the surface of titania, the symmetry being then lowered to either C 3v or C 2v with 3 being split into two peaks for C 3v symmetry and into three peaks for C 2v symmetry (Nakamoto 1986). The former symmetry may be acquired when the sulphate ion is linked to a surface Ti atom through one oxygen, i.e. as a unidentate ligand, whereas C 2v symmetry is produced when the linkage takes place via two oxygens to one Ti atom, i.e. as a chelating bidentate ligand, or through two oxygens to two Ti atoms, i.e. as a bridged bidentate ligand.
The spectra of persulphated titania (Figure 4 ) exhibit a peak at 1398 cm -1 due to the stretching frequency of S=O whose magnitude increases with loading, while three additional peaks in the 3 mode region may be noted at 1048, 1086 and 1120 cm -1 . Hence, the symmetry of the sulphate ions on the titania surface should be C 2v with the configuration corresponding to either chelating bidentate or bridged bidentate. Literature data favour the bridged bidentate configuration (Saur et al. 1986; Chen and Yang 1993) which makes use of two separate Ti sites for each SO 4 2species. This conclusion is supported by the XRD studies reported above which indicate that attack of the anion on the titania surface must take place preferentially on the (101) plane on which the surface OH groups are attached singly to the Ti atoms. Hence each S 2 O 8 2anion resides on the surface in such a manner that each tetrahedral moiety is linked to the surface via two oxygen atoms, thereby exposing a terminal S=O group and bridging to the second tetrahedron through the remaining oxygen atom. This may be correlated with the appearance of a shoulder in the IR spectrum at 920 cm -1 since it has been reported that such bridging is responsible for a band at 910 cm -1 in the IR spectrum of tetrasulphatotitanium(IV) (Barbooti et al. 1977) . 
Surface acidity
No surface acidity as probed by pyridine was detected on the pure titania sample employed. Since pyridine only measures strong acid sites (Complo et al. 1983) , it was therefore concluded that the parent rutile sample possessed no strong acid sites in the pK a value range of 5.3. Perchlorated and persulphated samples of rutile showed an acidic character which was dependent on the type and concentration of anion loaded (Table 2) . Thus, it was found that perchlorated samples exhibited a higher acidity as probed by pyridine relative to the persulphated samples, the amount of acidic sites increasing with increasing concentration of the anion when expressed relative either to the weight or area. It should be noted that the pyridine results obtained in the present study do not distinguish between Lewis or Brönsted acidity, although it has been shown that the introduction of anions such as SO 4 2on a TiO 2 surface can generate superacidity (Tanabe et al. 1989 ) as well as Brönsted acidity (Sohn and Jong 1992). The S=O structure is essential for the generation of acidic sites on a sulphate-promoted oxide due to its ability to accommodate electrons from basic molecules (Gillespie and Robinson 1963; Yamaguchi et al. 1986 ). In the presence of water, this structure is converted to S-OH and thus produces Brönsted acidity. The acidic properties arise from the inductive effect of the S=O bonds, the total and strong acidity generated being unaffected by the type of sulphate species involved, whether the latter be isolated or polynuclear entities, but rather by the extent to which the sulphate ions cover the titania surface (Jung and Grange 2000) . It is a Ti ion on the surface surrounded by the sulphate ligand which is responsible for the generation of a strong acid site. Hence, the acidity detected on sulphation by S 2 O 8 2-(which may be present as a polynuclear species) may be explained. The increase in acidity with increasing S 2 O 8 2concentration may be interpreted as an increase in the chance of finding a Ti ion surrounded by sulphate, in addition to the fact that the inductive effect is an additive property.
In the perchlorated samples, the Cl=O group plays the same role as that described above for the S=O group in creating acidic properties through an inductive effect, the higher values of the acidity observed in the presence of the perchlorate group being attributed to the higher electronegativity of Cl in comparison with that of the S atom.
Textural assessment
The adsorption/desorption isotherm of nitrogen measured at 77 K on the parent rutile sample was reversible and of type II according to the BDDT classification (Brunauer et al. 1940) , thereby indicating that the solid contained no pores capable of permitting capillary condensation to occur. The expected value of the specific surface area of such a surface would not be expected to be high as reflected in the measured value of A BET (= 26 m 2 /g). In contrast, the total pore volume (V p ) calculated as the liquid volume at P/P 0 = 0.95 was 0.038 cm 3 /g which reflects the textural nature as being composed of pores which were not particularly deep. If a cylindrical shape is assumed for these pores, the average value of their radiusr H (= 2V p /A BET ) was 29.0 Å. The initial region of the adsorption isotherm did not exhibit a well-defined knee and consequently the value of C BET was quite small (~10), reflecting the low heat of adsorption expected for the exposed surface.
No change was observed for the isotherm shape on loading the initial rutile with either ClO 4 or S 2 O 8 2ions and the value of A BET showed only a very slight general increase (Table 2) . However, the total pore volume showed variations associated with changes in the pore sizes and possibly in their shapes. Such changes may be explored by constructing the corresponding V l versus t plots using suitable data for low heat surfaces (Mikhail et al. 1973) . The plot for the parent rutile thus obtained showed no deviations up to t = 10 Å from the straight line drawn through the origin, thereby reflecting its non-porous nature (see Figure 5 ). The downward deviation at high t values is not necessarily due to microporosity but is more likely to result from the limited adsorption of nitrogen at saturation (Selim et al. 1980) . The increase in the total pore volume of sample S1, and the corresponding increase in the value ofr H , is reflected in the upward deviation displayed by the corresponding V l versus t plot ( Figure 5 ). On the other hand, the decrease in the values of both V p andr H for sample S3 is represented as a downward deviation which implies the probable presence of narrow pores with different sizes. The plot for S2 showed no measurable deviations up to high t values, in agreement with the constancy of the value ofr H relative to that of the parent titania. With sample Cl2, the slight increase in A BET has a smaller overall effect than the corresponding decrease in V p and as a result a net decrease inr H is observed which is reflected in the corresponding V l versus t plot ( Figure 6) where the downward deviation commences at a lower value of t relative to the situation with the parent titania. For samples Cl1 and Cl3, the respective increase and decrease in the value ofr H due to the corresponding effects for V p (Table 2 ) may be correlated with the upward deviation in the plot for Cl1 and the downward deviation in the plot for Cl3 ( Figure 6 ). This implies that pore widening only occurred when a lower content of either ClO 4 or S 2 O 8 2ions was present in the loaded samples, with pore narrowing being the dominant effect as the anion content increased. 
